To assess the acute side-effects of right ventricular (RV) stimulation applied in apex and mid-septum, in order to establish the optimal lead location in clinical practice. Methods. During pacemaker implantation, the ventricular lead was temporarily fixed in the apex and then moved to mid-septum. In both positions, surface and endocardial electrograms and transvalvular impedance (32 cases), left ventricular (LV) pressure (23), and transthoracic echocardiography (10) were acquired with intrinsic activity and VDD pacing. Results. A larger increase in QRS duration was noticed with apical than septal pacing (65 ± 25 vs. 45 ± 29 ms; P<10 -4 ). The proportion of cases where RV stimulation affected the transvalvular impedance waveform was higher with apical lead location (56% vs. 20%; P<0.02). VDD pacing at either site reduced the maximum dP/dt by 6% with respect to intrinsic AV conduction (IAVC; P<0.005). The maximum pressure drop taking place in 100 ms was reduced by 6 and 8%, respectively, with apical and septal pacing (P<0.01 vs. IAVC). Apical VDD decreased mitral annulus velocity in early diastole (E') from 7.5 ± 1.4 to 5.9 ± 0.9 cm/s (P<0.02) and prolonged the E-wave deceleration time (DT) from 156 ± 33 to 199 ± 54 ms (P<0.02), while septal pacing induced non-significant modifications in E' and DT. Conclusion. Ventricular stimulation acutely impairs LV systolic and diastolic performance, independent of the pacing site. Septal lead location preserves RV contraction mechanics and reduces the electrical interventricular delay.
INTRODUCTION
Electrical stimulation of the ventricle is mandatory to restore properly timed activity in patients affected by atrioventricular block (AVB). However, with the energy normally used for pacing purposes, the electric pulse directly excites just a small portion of the ventricular myocardium, restricted to about 1 mm in case of point stimulation by a very small electrode 1 . Starting from the edge of this area, the activation front spreads through the myocardial cell network until Purkinje fibres are depolarized and can eventually contribute to the latest part of the conduction process. Focal pacing thus entails heterogeneous activation delays in different regions and ventricular electromechanical dyssynchrony.
The haemodynamic implications of ventricular desynchronization are a matter of investigation. Several studies have reported alterations in systolic and diastolic function associated with chronic apical pacing [2] [3] [4] , which could explain the increased incidence of atrial fibrillation and heart failure in long-term paced patients [5] [6] [7] . Milder effects on ventricular synchronization and pump function have been associated with right ventricular (RV) pacing applied in alternative sites, like the mid-septum or the outflow tract 2, [8] [9] [10] . These claims might have a significant impact in the clinical setting 11 , as pacing lead positioning in the RV apex is still normal practice in many implantation centres.
Evidence in favour of alternative site pacing is mostly based on the electrocardiographic and echocardiographic evaluation of RV stimulation side-effects, while a significant influence of the pacing site on functional capacity, quality of life and survival has not been demonstrated by randomized controlled trials 12 . Previous investigations relying on invasive pressure measurements reported a protective effect of high septal pacing 13 , or no significant worsening induced by RV stimulation either in the apex or outflow tract 14 . In order to test whether a septal lead location should be proposed as first option in standard pacemaker implants, the present study coupled the echocardiographic assessment of the main indices of haemodynamic function with the measurement of left ventricular (LV) pressure by cardiac catheterization in a cohort of bradyarrhythmic patients with normal ejection fraction (EF > 50% with intrinsic conduction), temporarily paced in RV apex and mid-septum. In addition, the transvalvular impedance (TVI) waveform was recorded. TVI, the electrical impedance derived between the right atrium and ventricle, changes during the cardiac cycle in a fashion strongly suggesting a correlation with RV ejection and filling [15] [16] [17] . TVI waveform analysis could therefore provide insight into pacing-induced modifications in RV mechanical activity, which is generally difficult to assess with conventional echocardiographic techniques.
METHODS
The study was approved by the local ethics committee and informed consent was obtained from the enrolled patients. The tests were carried out during the implantation of dual-chamber pacemakers for standard indications, using active fixation endocardial pacing leads Tendril ® 1882T and 1888T (St. Jude Medical, Inc., USA). The atrial lead was settled in the right appendage; the RV lead was first fixed in the apex and then definitively moved to the mid-septum. The electrode position was graphically documented and verified by X-Ray (AP + 30° LAO/RAO) and echocardiography. At each ventricular site, recordings were performed during intrinsic atrio-ventricular conduction (IAVC), AAI pacing at 90 bpm, and atrium-driven ventricular pacing. In the latter case, the AV delay was set at 80 ms to ensure fully evoked ventricular activation. The effects of the activation pattern switch on LV pressure, cardiac electric signals and TVI were assessed after 3-min stimulation. At the same time, the echocardiographic evaluation was started and carried out in about 15 min per each step of the test procedure (IAVC, AAI, apical VDD and septal VDD).
TVI, electrograms, and LV pressure measurements
TVI recording was performed in 32 patients with IAVC. The impedance was derived between the ring atrial electrode and either the tip or ring ventricular electrode, choosing the configuration which provided the most physiological signal at a given lead location, i.e., an impedance waveform increasing throughout the ejection phase to reach a single maximum peak at the end of the QT interval, and then decreasing back to the baseline with ventricular filling. Pacing-induced TVI modifications were considered relevant if the peak-peak TVI amplitude was reduced by more than 25% with respect to IAVC in each patient, or if the paced waveform featured more than one positive peak in the QT interval.
In 23 patients with no contraindication to invasive haemodynamic assessment, a Mikro-Tip pressure catheter (Millar, USA) was inserted through the femoral artery and positioned in the LV to allow continuous pressure measurement. The pressure amplifier output, surface ECG, atrial and ventricular electrograms, and TVI tracing were simultaneously recorded at 1-KHz sampling rate and stored in memory by a dedicated research device (Medico Spa, Italy) for offline data processing. The following parameters were derived from the LV pressure tracing: minimum diastolic and maximum systolic pressure (LVP min ; LVP max ), maximum rate of rise in isometric systole (dP/dt max ) and rate of fall in isometric diastole (dP/dt min ), maximum pressure drop taking place in 100 ms (ΔP 100 ), also expressed as a fraction of the total pressure excursion (ΔP 100 /PP).
Echocardiography
Extensive haemodynamic assessment was performed in each cardiac activation modality by transthoracic echocardiography (GE Ultrasound Vivid 7, GE Healthcare, UK). Although non-invasive, the echocardiographic approach markedly prolonged the implantation procedure and therefore could be applied in just 10 patients, selected on the basis of their compliance and the availability of a suitable acoustic window. Resting examination was achieved in apical 4-chamber (A4CH) and 2-chamber (A2CH) views with 1-lead ECG, during a calm end-expirium. All stored sequences were evaluated offline by two skilled physicians not aware of the patients' clinical status or results of other examinations. The average of 3 consecutive cardiac cycles was considered in the statistical analysis. The LV ejection fraction (EF) was calculated using Simpson's rule from A4CH and A2CH views. The transmitral flow was assessed by pulsed Doppler and the velocity of mitral annulus by TDI.
Statistical analysis
All parametric data are reported as means ± standard deviation. The statistical significance of differences associated with changes in the ventricular activation modality was evaluated by the paired Student's t-test, applying the Bonferroni correction in case of multiple comparisons. The proportions of patients showing relevant TVI modifications induced by apical or septal stimulation were compared by McNemar's test for related groups.
RESULTS

Electrical synchronization
In each patient, the ventricular activation modality was switched from IAVC to VDD stimulation with the ventricular lead sequentially positioned in both RV apex and mid-septum. The apical stimulation produced an individual increase in QRS duration of 65 ± 25 ms, while septal pacing resulted in a smaller QRS widening (45 ± 29 ms; P<10 -4 ). In addition, the paced QRS axis was more homogeneous and physiologically oriented with septal than apical lead location (range from 0 to 25° and from -56 to 10°, respectively).
The relationship between the duration of the QRS complex evoked by VDD stimulation at the two ventricular sites is shown in Fig. 1 . With respect to apical pacing, septal stimulation never increased the QRS duration by more than 5%. The difference was limited to the range of ±5% in 21% of the cases, while a substantial reduction was noticed in the rest of the group. In 58% of cases, septal stimulation decreased the paced QRS width by more than 5 to 20%. In the remaining 21% of patients, the QRS was shortened to less than 80% of that produced by VDD pacing applied in the apex.
Left-ventricular pressure
When the cardiac rate was raised from the sinus rhythm (60 ± 14 bpm) to 90 bpm by AAI pacing, the dP/dt max increased by 15.5 ± 11.5% (P<0.001), indicating that the inochronic autoregulation could substantially affect the haemodynamic performance in the tested patient group. Taking this in due consideration, the effects of VDD stimulation on LV pressure were evaluated only in the subgroup of patients featuring 1:1 IAVC, where the transition from sinus rhythm to VDD did not modify the cardiac rate (n=14). Either apical or septal pacing produced no effect on LVP max , while LVP min showed a small, yet highly significant increase (Tab. 1). Indeed, LVP min was enhanced in 13 out of 14 patients at both pacing sites. The individual increase with respect to IAVC was statistically significant in 9 and 7 cases with apical and septal stimulation, respectively. Switching the ventricular activation mode from IAVC to VDD also resulted in a significant 6% reduction in dP/dt max , irrespective of the pacing site (Table 1) . At the individual level, a significant decrease was noticed in 11 patients out of 14 and the proportion was the same with apical and septal stimulation.
The instantaneous rate of pressure fall (dP/dt min ) did provide a univocal expression of the relaxation speed, as RV stimulation often resulted in uneven pressure waveforms, featuring alternating deceleration and acceleration in the isometric diastole instead of the monotonic decrease normally seen with IAVC (Fig. 2) . In contrast, the maximum pressure drop taking place in 100 ms (ΔP 100 ) was not a reliable index of relaxation efficiency. Either apical or septal pacing significantly decreased ΔP 100 (Table 1) , as well as the fraction of total pressure excursion accomplished in 100 ms (ΔP 100 /PP). In both stimulation modalities, a significant reduction in ΔP 100 was induced in 10 patients out of 12.
In summary, the transition from IAVC to VDD pacing affected LVP min and the rate of pressure change in isometric systole and diastole. No significant difference was found between apical and septal VDD.
Echocardiography
The main echocardiographic indices of systolic and diastolic function were sequentially assessed in IAVC and VDD pacing. Atrium-driven ventricular stimulation at either the RV apex or mid-septum produced a reduction in ejection fraction (EF), mitral flow peak velocity in early diastole (E), and mitral annulus systolic velocity (S), which was not statistically significant (Table 2) . Mitral annulus velocity in early diastole (E') was significantly decreased by apical pacing, while septal stimulation produced a non-significant reduction. The E/E' ratio was increased by pacing at either site, but in both cases statistical significance was lacking. A significant prolongation of E-wave deceleration time (DT) was observed with apical stimulation, while septal pacing entailed a non-significant increase in DT. This aside, none of the assessed echocardiographic parameters showed a statistically significant difference in the direct comparison of apical and septal pacing effects.
Trans-valvular impedance
TVI recording was performed in 32 patients with the ventricular lead sequentially positioned in the apex and mid-septum. In the presence of IAVC, a physiological TVI waveform featuring only one positive peak was detected at both sites in 25 cases, in the apex and not septum in 4, in the septum and not apex in 1, and in neither the apex nor the septum in 2. The frequency of success was not significantly different at the two sites (P=0.37, McNemar's test for paired proportion). When the ventricular lead was located in the apex, TVI was derived with the ring elec- The signal was recorded in the apical and septal positions with either ring or tip ventricular electrodes.
Fig. 1.
Relationship between QRS duration with apical and septal VDD stimulation in each patient. The difference is higher than 5% outside the area between the two lines.
trode in 64% of the cases, and with the tip in the remaining 36%. At the mid-septum, the ring ventricular electrode was selected for TVI recording in 58% of the cases, and the tip in the remaining 42%. The amplitude of TVI excursion from diastole to end-systole as a function of recording site and configuration is reported in Tab. 3. With either tip or ring ventricular electrodes, the signal amplitude was not significantly different in the RV apex and septum. The effect of VDD pacing on the TVI waveform was evaluated in patients showing a physiological signal with IAVC at both apical and septal lead locations (n=25). Relevant TVI modifications were induced by both apical and septal stimulation in 4 cases, by septal but not apical stimulation in 1 case, by apical but not septal stimulation in 10 cases, and by neither apical nor septal stimulation in 10 cases. Objective definitions of "physiological TVI waveform" and "relevant TVI modifications" are provided in the Methods section. The proportion of patients featuring TVI deterioration was significantly higher with apical than septal pacing (56% vs. 20%, P<0.02). A representative example of TVI response to ventricular stimulation is shown in Fig. 3 .
DISCUSSION
It is widely recognized that long-lasting pacing treatment with a high incidence of RV apical stimulation can reduce the haemodynamic performance and increase the risk of atrial fibrillation and heart failure [2] [3] [4] [5] [6] [7] . Although the mechanisms involved in pacing-related damage are not fully understood, it is conceivable that functional and structural deterioration could result from the increased myocardial stress induced by ventricular desynchronization 10, 18 . The acute haemodynamic consequences of ventricular stimulation could thus predict the possibility of permanent haemodynamic impairment in chronic conditions and help choose the site where pacing is best tolerated in each patient. Axis and duration of the QRS complex were heavily affected by apical stimulation, while mild QRS changes were produced by septal pacing. In spite of different electrical effects, pacing at either site resulted in decreased dP/dt max and uneven pressure fall, as shown by the alterations in the negative portion of the dP/dt waveform. Such modifications were readily reversed when the evoked ventricular activation was replaced by fusion beats (c).
Left ventricular haemodynamics
With the aim of maximizing sensitivity and specificity to pacing-induced LV pressure changes, the present study compared relevant pressure parameters right before and after a switch in ventricular activation modality. The time lag between two paired measurements never exceeded 4 min, strongly reducing any bias due to slow changes in basal haemodynamics or in the response of the recording set-up. The transition from IAVC to sequential RV pacing at a constant rate entailed a significant decrease in dP/ dt max and ΔP 100 , a pressure derived index of the isometric relaxation speed. These results are consistent with a previous work showing an increased RV and LV myocardial performance index in patients chronically paced in the RV apex 19 and indicate a reduction in both systolic and diastolic efficiency associated with RV pacing. In our experience, the diastolic fall in LV pressure was characterized by a first time-derivative with monotonic course in IAVC. With RV pacing, in contrast, the dP/dt tracing often showed alternating deceleration and acceleration during the isometric diastole, as depicted in Fig. 2 . Such anomalous behaviour was readily reversed by stopping ventricular stimulation and therefore cannot be ascribed to a bad position or poor stability of the pressure catheter. Nevertheless, the possibility must be considered of either a true uneven pressure decrease, with pauses along its course due to heterogeneous relaxation, or of artifacts generated by the contact between the pressure sensor and some LV structures only in the presence of ventricular stimulation. Artifacts of this kind would anyhow be the expression of abnormal LV movements in isometric conditions, which could only be explained by diastolic desynchronization.
The role of diastolic desynchronization in the development of pacing-induced dysfunction is controversial. On the basis of TDI cross-correlation analysis, it has been claimed that apical pacing produces systolic dyssynchrony with preserved diastolic synchrony 20 . However, in agreement with previous studies 13, 21 , our experience indicates that a significant diastolic impairment acutely results from ventricular pacing, affecting both the isometric relaxation and the filling process. Indeed, LVP min and E-wave DT were increased, and E' was reduced. Although the ratio E/E' was increased in non-significant fashion, it is conceivable that the changes in diastolic function could entail a filling pressure rise in chronic conditions, which might explain the increased incidence of atrial fibrillation associated with pacing therapy. Moreover, a reduced diastolic efficiency coupled with systolic desynchronization might enhance the cardiac stress and the risk of heart failure in the long-term.
The acute effects of RV pacing on LV haemodynamics were similar with apical or septal stimulation. No significant difference was demonstrated in the comparison between the alternative pacing sites, even though the changes in E' and DT with respect to IAVC were only significant for the apical pacing (Table 2) .
Right ventricular activity
Although several studies have evaluated the acute and chronic effects of RV pacing on LV desynchronization and haemodynamic performance [2] [3] [4] 8, 10 , little is known about the RV itself 14 . This lack of information is partially explained by the greater attention generally paid to left heart haemodynamics, but can also result from the limited echocardiographic methods available for RV evaluation. TVI recording can be considered as a potential practical alternative, as the waveform is sensitive to the RV mechanical activity and can easily be derived by means of standard pacing leads during the implantation procedure, as well as in the follow-up of permanent implants [15] [16] [17] . The present study demonstrates that the TVI signal is strongly affected by RV pacing in some patients and not in others. It seems conceivable to hypothesize that marked TVI alterations might reflect corresponding modifications in RV local mechanics, whereas milder changes could be associated with a preserved contraction pattern. Interestingly, the prevalence of major TVI alterations was substantially higher with apical than septal pacing, suggesting that the latter could be less detrimental to the RV function.
Interventricular versus intraventricular desynchronization
Septal stimulation also reduced the QRS widening and improved the axis with respect to apical pacing. The difference was highly significant and evident in the vast majority of patients, in accordance with previous reports 22, 23 . The most relevant acute benefits of septal pacing thus concerned the RV contraction properties and the overall ventricular conduction time, which greatly depends on the interventricular delay. In contrast, smaller effects of the pacing site were noticed on LV haemodynamics, which is quite sensitive to the intraventricular desynchronization. It is noteworthy that, in recent studies, pacing at the midseptum 10 or outflow tract 24 reduced interventricular and longitudinal LV desynchronization, without significant improvements in septal-posterior and septal-lateral wall motion delays. Most reports showing that LV function was better preserved by non-apical RV stimulation refer to chronic pacing 2, 9, 18 . Acute studies yielding positive results 10, 13 were performed with lead location criteria, pacing mode and duration, or AV delay setting different from the conditions applied in the present investigation, so that a comparison of the outcomes could be misleading. Moreover, the role of the pacing site in the development of LV haemodynamic dysfunction was not confirmed in some instances 22, [24] [25] [26] . In contrast, the relevance of alternative site pacing to the interventricular electrical synchronization, as expressed by QRS duration, is well established and further strengthened by the present results.
Limitations
It is conceivable that the protective influence of septal stimulation versus acute modifications in the RV contraction pattern and interventricular delay could also preserve the heart from structural and functional remodelling in the long term. The evaluation of this, however, was beyond the aims of the present study.
The different impact on TVI waveform of pacing in the apex or mid-septum suggests that septal stimulation helps maintain a physiological contraction pattern in RV. However, the sites of ventricular pacing and TVI recording necessarily changed together when the lead was moved from the apex to the septum. It cannot be excluded that TVI sensitivity to RV mechanical modifications might be different in different recording positions.
In the discussion it should be noted that for confirmation of the influence of pacing on the interventricular septal delay the optimal measure would be the interval from the point of pacing to the earliest endocardial activation in the left ventricle. This can only be implemented by using 3D mapping systems that can precisely measure the local electrical activation and interpret the relationship of each segment in the left and right ventricle.
CONCLUSIONS
Right ventricular apical pacing acutely impaired LV systolic and diastolic function, increased the QRS duration and produced marked alterations in the TVI signal, suggesting relevant changes in the RV contraction pattern. Septal stimulation significantly reduced the QRS widening and the prevalence of pacing-associated TVI modifications, showing smaller effects on LV pressure and echocardiographic parameters. Apical pacing should be avoided in clinical practice, especially in patients with a large QRS prolongation or a serious deterioration of the TVI waveform.
